Objectives: To describe the incidence of delirium in pediatric patients after cardiac bypass surgery and explore associated risk factors and effect of delirium on in-hospital outcomes. Design: Prospective observational single-center study. Setting: Fourteen-bed pediatric cardiothoracic ICU. Patients: One hundred ninety-four consecutive admissions following cardiac bypass surgery, 1 day to 21 years old. Interventions: Subjects were screened for delirium daily using the Cornell Assessment of Pediatric Delirium. Measurements and Main Results: Incidence of delirium in this sample was 49%. Delirium most often lasted 1-2 days and developed within the first 1-3 days after surgery. Age less than 2 years, developmental delay, higher Risk Adjustment for Congenital Heart Surgery 1 score, cyanotic disease, and albumin less than three were all independently associated with development of delirium in a multivariable model (all p < 0.03). Delirium was an independent predictor of prolonged ICU length of stay, with patients who were ever delirious having a 60% increase in ICU days compared with patients who were never delirious (p < 0.01).
The incidence of delirium in children after cardiac bypass surgery has never been systematically studied. The objective of this study was to prospectively evaluate children admitted to our pediatric cardiothoracic ICU (PCICU) after cardiopulmonary bypass surgery, assess each child for delirium daily, and determine risk factors associated with its development. A secondary objective was to assess the effect of delirium on short-term outcome measures including ICU LOS and time on mechanical ventilation.
MATERIALS AND METHODS

Patient Selection
The Institutional Review Board of Columbia University Medical Center approved this observational study with a waiver of requirement for informed consent. From December 2014 to August 2015, we enrolled all consecutive patients admitted to our PCICU, a tertiary level critical care unit with an annual volume of 350 cardiopulmonary bypass surgeries. Enrollment criteria included PCICU admission following on-pump cardiac surgery and age less than or equal to 21 years.
Delirium Assessment
Delirium assessments were performed using the Cornell Assessment of Pediatric Delirium (CAPD), a reliable and simple bedside tool validated for use in children of all ages (2) . The CAPD uses the Diagnostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-V) criteria for the diagnosis of delirium (12) . Specifically, the CAPD requires an acute and fluctuating change in awareness and cognition to diagnose delirium, and has been shown to discriminate between delirium and other causes of altered mental status in critically ill children (2) . The CAPD was completed a minimum of once daily by the bedside nurse throughout the PCICU stay-unless the patient was unarousable to verbal stimulation (these patients were categorized as comatose) (13) . As the CAPD is designed to take into account a period of extended observation (rather than being used as a point-in-time screen), time of assessment was toward the end of the nurse's shift. A CAPD score of 9 or higher was considered diagnostic for delirium in developmentally typical patients. In developmentally delayed patients, a diagnosis of delirium required both a CAPD score of greater than or equal to 9 and confirmation of change from neurologic baseline by an ICU practitioner (14) . Developmental anchor points were available to be used in conjunction with the CAPD to provide point-of-care reference for the nurses (14) . A patient with at least one delirious day during the PCICU stay was considered "ever delirious." Bedside nurses received extensive education on delirium and delirium screening practices prior to study initiation.
Data Collection
Data were collected prospectively. Baseline demographic data were obtained. Putative risk factors for delirium development were extrapolated from a review of the pediatric and adult literature in medical and surgical ICU patients and adult postcardiac surgical patients. Intraoperative data collected included: type of surgery, length of cardiopulmonary bypass, length of circulatory arrest, anesthetic medications used, and blood products transfused.
Daily laboratory data and information regarding patients' clinical course, including but not limited to respiratory support, transfusions, restraints, specific labs, and medication exposure were collected throughout the patients' PCICU stay. The Pediatric Index of Mortality 2 (PIM-2) score was used to determine severity of illness upon admission to the PCICU (15) . We calculated the Pediatric Logistic Organ Dysfunction (PELOD) score as a measure of daily degree of multiple organ dysfunction syndrome (16) . The PELOD score was modified to exclude the neurologic component (Glasgow Coma Scale [GCS]), and we termed this modified PELOD the "PELOD minus GCS" or "PELOD -GCS." The GCS component was excluded because our primary outcome was mental status (i.e., delirium) as measured by the CAPD; therefore, we did not want to also include mental status as measured by the GCS. Risk Adjustment for Congenital Heart Surgery (RACHS)-1 scores were determined for each patient surgery as an indicator of the risk of mortality imparted by the congenital heart surgery performed, with one reflecting the lowest risk of surgical mortality and six indicating the highest risk of surgical mortality (17) .
Statistical Methods
Descriptive statistics were generated to describe demographic, baseline (including intraoperative), and daily data using n (%) or mean, median, sd, and range for categorical and continuous factors, respectively. Chi-square/Fisher exact tests were performed as applicable to compare categorical factors between the ever delirious group and the never delirious group as well as between a delirious day and a nondelirious day. Independent sample t tests/ Wilcoxon signed rank tests were performed as applicable to compare continuous factors. Multivariable logistic regression, including all factors that were significant at the 0.10 α level in bivariate analyses, was performed to predict development of delirium. Bidirectional stepwise selection based on Akaike information criterion produced the final model (18) . In addition, multivariable linear regression was used to predict number of PICU days. As the distribution for number of PICU days was skewed, the natural logarithm transformation was used for modeling. Relative number of PICU days and 95% CIs were computed by exponentiation of the regression estimates with their respective lower and upper bounds. All statistical tests were two-sided with statistical significance evaluated at the 0.05 α level. Analyses were performed with R version 3. 
RESULTS
One hundred ninety-four patients were enrolled, and 1,342 patient days were evaluated. Each patient was assessed for delirium daily until discharge from the PCICU. The 1,342 patient days consisted of 380 delirious days, 313 coma days, and 649 nondelirious days. Delirium status was unknown for less than 1.4% of days (n = 19 d) because of missed opportunities for screening. These days were excluded from the analyses.
The incidence of delirium in this cohort was 49%, with a median of two delirious days per patient, sd ± 6.45 ( and (Fig. 1) . Delirium most often developed within the first 1-3 days after surgery, with 47% of patients who were ever delirious developing delirium for the first time on day 1, 20% on day 2, and 10.5% on day 3. Demographic data and baseline characteristics are presented in Table 1 . Nearly, half the patients were less than 2 years old. Sixteen percent of patients were characterized as developmentally delayed (defined as severe impairment in ability to communicate in an age-appropriate way with caregiver prior to hospitalization). Cyanotic heart disease was identified in 44% of patients. Children with a RACHS-1 score of 2 comprised 40% of the patient population. The PIM-2 score at admission (median score, 1.6; interquartile range [IQR], 0.6-2.8) and daily PELOD-GCS (median score, 3; IQR, 0-5) reflect a critically ill population, often with multiple organ dysfunction. Thirty-six percent of patients were extubated in the immediate postoperative period, prior to admission to the ICU. During daily assessments, 37% were mechanically ventilated and 13% were on noninvasive mechanical ventilation ( Table 2) .
Bivariate analyses of baseline and intraoperative risk factors associated with delirium development are shown in Table 1 . When compared with patients who were never delirious during their ICU stay, children who were delirious were more likely to be under 2 years old, have cyanotic heart disease, developmental delay, a baseline albumin less than or equal to 3 mg/dL, a higher RACHS-1 surgical score, and a PIM-2 score above the median. A longer bypass time, when compared by quartiles, was associated with development of delirium (all p < 0.05) ( Table 1) . Children who were ever delirious were also more likely to have been in a coma at some point during their ICU stay (49.5% vs 31.3%; p = 0.015).
When assessed by time-dependent variables each PCICU day, children who were physically or pharmacologically restrained (on opiates and/or benzodiazepines) were more likely to be delirious. Need for vasopressors and respiratory support were associated with delirium (all p < 0.0001) ( Table 2) . A higher PELOD-GCS score was associated with delirium as well (median, 3 vs 2; p < 0.0001).
The median number of days mechanically ventilated was higher in those who were ever delirious than in those who were never delirious (2 vs 0; sd ± 12.2 and 1.5, respectively; p < 0.0001) (Fig. 2) . Patients who developed delirium had a longer median length of ICU stay compared with those who were never delirious (6 vs 2 d; sd ± 15.4 and 2.8, respectively; p < 0.0001) (Fig. 3) .
In multivariable analysis, when controlling for age, RACHS-1 score, albumin level, developmental delay, and cyanotic disease patients of increasing age demonstrated a lower odds of developing delirium, with teenagers having the lowest delirium rates (odds ratio [OR], 0.06; p < 0.001). Patients with a preoperative albumin level greater than 3 mg/dL (used as a surrogate marker of good nutritional status) demonstrated a lower odds of delirium development (OR, 0.19; p = 0.028). Presence of developmental delay (OR, 3.38; p = 0.023), cyanotic disease (OR, 2.43; p = 0.019), and a RACHS-1 score of 3 or 4 (OR, 2.93; p = 0.008) were strongly associated with delirium ( Table 3) . Of note, PIM-2 score was left out of the final predictive model, as it was directly collinear with many risk factors already included in the model.
After controlling for previously defined confounders, as listed above, a diagnosis of delirium was associated with a 60% increase in PCICU LOS. In fact, delirium contributed more to LOS than presence of cyanotic heart disease, which conferred only a 34% increase in number of PICU days. Only mechanical ventilation rivaled delirium as a risk factor for prolonged ICU LOS (Table 4) .
DISCUSSION
In this study cohort, nearly one in two children developed delirium after cardiac bypass surgery. This is consistent with reported postcardiotomy delirium rates in adults (7-11) and considerably higher than the 10-30% delirium rates reported in the general population of critically ill children (1, 19, 20) . Children undergoing cardiac bypass surgery are likely among those at highest risk for delirium development and would benefit from routine screening to allow for early detection and intervention. Importantly, and consistent with previous research in this topic, our data reveals an independent association between increasing PCICU LOS and the development of delirium (1) .
According to the DSM-V, delirium has an organic cause and is therefore a direct consequence of a general medical condition or its treatment (12) . Although the pathophysiology of pediatric postcardiotomy delirium has not yet been clarified, it is likely a syndrome resulting from a multifactorial process involving preoperative patient vulnerability, perioperative insults, and iatrogenic factors related to postoperative PCICU care (21, 22) .
This study suggests that preoperative patient vulnerability is a risk factor, as children with poor nutrition (represented in this cohort as those patients with albumin ≤ 3 mg/dL) and atypical brains (developmental delay) were at higher risk for delirium. These vulnerable children may have been more susceptible to the effects of cardiac bypass, anesthesia, and surgery. Putative mechanisms for perioperative insults that predispose to delirium includes increased inflammatory mediators, subclinical cerebral infarctions, alterations in neurotransmitters, and generalized hypoperfusion and cellular hypoxia-all of which can be exacerbated by a prolonged bypass time (23, 24) . Finally, consistent with both adult and pediatric research in delirium, we demonstrated an association with delirium development and iatrogenic factors including benzodiazepines, opiates, and physical restraints (2, 7, 8) . Granular details regarding particular medications used (rather than drug categories), and their doses, were beyond the scope of this study. This is especially an important area for future research, as these are potentially modifiable risk factors.
In our PCICU, there are no protocols in place for sedation or early mobilization. Anecdotally, with increased awareness of delirium in our unit, we have seen a progression from the use of primarily fentanyl and midazolam infusions as first-line sedation to the use of fentanyl and dexmedetomidine infusions. In critically ill adults, delirium rates have been successfully reduced with lower benzodiazepine exposure, protocolized sedation, and early mobilization (25, 26) . This remains a necessary area for investigation in pediatric cardiac critical care.
This study has notable strengths. To our knowledge, it is the first to prospectively describe delirium in a PCICU using a standardized delirium-screening tool and includes a large number (n = 194) of subjects. These subjects were followed throughout their ICU stay with daily detailed data collection and analysis of multiple risk factors.
There are several limitations. For the most part, delirium screening was only performed once per day. As the CAPD was usually completed by the day-shift nurse, we often do not have a delirium screen to reflect the overnight period, and may have missed children who were delirious only at night. This may have falsely lowered the delirium incidence and prevalence measured in this study. Future studies, with multiple daily delirium assessments may provide a more robust representation of delirium in the PCICU. In addition, we did not determine delirium subtype (hypoactive, hyperactive, or mixed); this is an important area of focus for future studies. Once children in this study were diagnosed with delirium, it was addressed and treated appropriately, primarily with a nonpharmacologic approach (investigation for inciting causes, minimization of deliriogenic medication, and with environmental modification). On occasion, in refractory cases with severe behavioral disturbance, we added an atypical antipsychotic. Treatment of delirium in our cohort may have decreased its duration and lead to an underestimation of the true duration of PCICU delirium. This is a necessary study limitation, as we could not ethically withhold treatment once delirium was diagnosed.
Although our data collection included many possible risk factors for delirium development, identified from the adult postcardiotomy delirium literature, it is possible that other unknown and important risk factors were missed. Importantly, as this is an observational study, we do not attempt to establish causality; instead, we describe associations between risk factors and delirium development. This should serve as a basis for future interventional study designs.
Finally, this study was performed at a single institution. Therefore, widespread extrapolation of results to all institutions may not be appropriate; similar findings in other units are necessary to corroborate these findings. The time has come for a multi-institutional trial to further explore modifiable risk factors and treatment options for delirium in children after cardiac bypass surgery.
CONCLUSION
Children undergoing cardiac bypass surgery are at high risk for delirium development in the postoperative period. Widespread delirium screening in PCICUs is necessary to detect this prevalent problem and allow for necessary interventions. With a systematic approach to detecting delirium, we can improve the quality of care we provide to critically ill children in the PCICU. 
